Abstract-This correspondence is concerned with the performance of a regenerative relaying protocol on fading wireless channels with imperfect channel knowledge at the receivers. Assuming a single source and a single destination with multiple relay nodes, using binary modulation at the source, we present optimum receiver at the destination on frequency-flat Rayleigh fading channels by taking into account the effects of imperfect channel knowledge at the receivers. Since exact performance analysis of the optimal receiver is complicated due to the non-linear nature of the log-likelihood ratio contribution from the relay, upon using a standard technique in the literature, we present a simple approximate receiver and derive closed-form expression for the average bit error rate (BER) at the destination with a single relay node. We also present a simple analytical technique that allows us to numerically evaluate the average BER for an arbitrary number of relay nodes. Finally, with perfect channel estimation our proposed receiver subsumes the coherent receivers in [1] and [2] whereas with a minimum mean-square error channel estimation it reduces to the non-coherent receiver in [3].
I. INTRODUCTION
Cooperative wireless relaying ideas have become increasingly attractive for their ability to provide distributed spatial diversity [4] - [6] , reduced transmission power requirements [7] - [9] , extended coverage [10] , and overall capacity improvement [11] . During the past few years, a large number of results are being reported on the receiver performance of various relaying protocols. Using an amplify-and-forward (AF) protocol [12] and with perfect channel state information (CSI) at the receivers, [13] showed that full diversity of N + 1 is achievable with N relay nodes and a direct link between the source and the destination. With regenerative relay (RR) signal processing [also termed as demodulate-and-forward (DF) relaying], [1] presents receiver structures at the destination with both perfect CSI as well as channel statistics, whereas [2] analyzes the performance of a sub-optimum receiver with perfect CSI.
Estimation of CSI requires training the relay channel, typically by sending known (pilot) symbols from the source as well as the relays, thereby reducing the network throughput. The channel estimates may become outdated if the variation of the channel over time is high relative to the signaling duration [14] . One way to overcome these issues is to employ noncoherent detection techniques which do not require instantaneous channel knowledge. To this end, [15] studies the performance of orthogonal binary frequency shift-keying (BFSK) and on-off keying (OOK) modulations with maximum-likelihood (ML) noncoherent AF receivers. In particular, [15] shows that BFSK achieves full diversity whereas full diversity is not possible OOK. Using a generalized likelihood ratio test receiver [16] with noncoherent BFSK and a single relay, [17] shows that the average bit error rate (BER) decays asymptotically as (log SNR) 2 =SNR 2 , where SNR is the average received signal-to-noise ratio. That is, a diversity order of two is possible only asymptotically. Considering both short-term as well as longterm average power constraints, approximate receivers with OOK modulation and noncoherent AF protocol are studied in [18] . Assuming channel coherence at least over the duration of two symbols, differential modulation with AF protocol are studied in [19] and [20] , whereas [21] considers both AF and DF protocols. In particular, [19] shows that the asymptotic average BER behaves as (log SNR)=SNR 2 . That is, similar to [15] and [17] , full diversity of two is possible only asymptotically. In [3] , the authors study the performance of noncoherent BFSK signaling with a DF protocol. In particular, with N relays, [3] shows that the achievable diversity order is upper and lower bounded by (N + 3)=2 and (N + 2)=2, respectively, for odd values of N whereas it is (N + 2)=2 for even values of N. That is, with a DF protocol, noncoherent signaling loses approximately half of the available diversity order.
In this correspondence, we study the performance of coherent RR protocols with training-based practical channel estimation schemes. Assuming a single-source and a single-destination with multiple relay nodes, we derive ML receiver structure at the destination on frequency-flat and time-varying Rayleigh fading channels. Using binary modulation at the source, our receiver structure takes into account the effects of channel estimation errors as well as a possible fading decorrelation due to node mobility. We show that an exact analysis of the optimal receiver performance is complicated due to the nonlinear nature of the log-likelihood ratio (LLR) contribution from the relays to the destination. As a result, we present an approximate receiver that is simple to implement and derive a closed-form expression for the average probability of error with a single relay node. Without requiring any numerical integration, our analytical framework is valid for an arbitrary number of relays and performances of a class of mismatched receivers can be obtained as special cases of the analysis presented in this correspondence. With perfect CSI, we show that the proposed receiver subsumes the receivers in [1] and [2] , whereas with a minimum mean-square error (MMSE) channel estimation, it reduces to the noncoherent DF receiver in [3] . An analogy between the approximate receiver in this study and the noncoherent DF receiver in [3] allows us to conclude that the asymptotic diversity order achieved with imperfect CSI is identical to the one with no CSI.
The rest of this correspondence is organized as follows. In Section II, we introduce our system model and present the ML, as well as approximate receivers in Section III. Performance analysis of the proposed receivers is detailed in Section IV. An analogy between coherent RR with imperfect CSI and noncoherent DF with no CSI is made in Section V. Numerical and simulation results are presented in Section VI, and Section VII concludes our work.
II. SYSTEM MODEL
We consider a cooperative wireless system with N relay nodes assisting the communication from source to destination. We employ a two-time-slot cooperation protocol with half-duplex relays (i.e., the relays cannot transmit and receive simultaneously) communicating over orthogonal channels. The cooperation protocol is briefly described as follows: In the first time slot the source broadcasts the information to the relays and the destination. In the second time slot, the source remains silent while the relays regenerate the source constellation, after demodulation and re-modulation of the received signal from source, and transmit their information, via orthogonal channels, to the destination. The destination appropriately combines the information received from source and the N relays.
We model the fading coefficients on each link as frequency-flat and slowly varying zero-mean complex Gaussian random variables (CGRVs). These random fading gains are also assumed independent across the source ! destination (S ! D), source ! relay (S ! Rj) and relay ! destination (R j ! D) links. Specifically, we denote by g 0 the fading gain on S ! D link, g j the fading gain on S ! R j link, and hj the fading gain on Rj ! D link, with second moments E[jg 0 j 2 ] = 0 , E[jg j j 2 ] = j and E[jh j j 2 ] = 3 j , j = 1; . . . ;N.
The variances, f j ;j = 0; . . . ;Ng and f3 j ;j = 1; . . . ;Ng capture the average path loss across the links and the geometry of relay network.
In this correspondence, unlike [1] , [3] , and [2] , we consider channel estimation at the receiver for coherent demodulation. The RR protocol with receiver channel estimation and no channel knowledge at the transmitters is described as follows: The overall communication phase is divided into channel estimation phase (CEP) and data transmission phases (DTP). Except for the transmission of known pilot symbols by the source and the relay nodes, the CEP is identical to the DTP. The pilots from the source enable the channel estimation on S ! D and S ! Rj links, whereas the pilots from the relays enable the channel estimation on R j ! D links. To minimize the performance degradation due to outdated channel knowledge, the sum of the durations of the channel estimation and data transmission phases should equal to or exceed the coherence time of the channel.
We denote by E S;T = E S;pilot + E S;data the total transmission energy available for source from which a portion, E S;pilot , is spent on pilot transmissions for channel estimation and the remaining portion, E S;data , is allocated for data transmission. In a similar manner, we denote E R;T (j) = E R;pilot (j) + E R;data (j), j = 1; . . . ;N, where ER;T (j), E R;pilot (j), and E R;data (j) are respectively the total energy, the energy available for pilot transmission, and the energy available for data transmission at the jth relay.
We denote by g0 the channel estimate on S ! D link, and, for j = 1; . . . ;N,byg j and h j the channel estimates on S ! R j and R j ! D links, respectively. Ignoring implementation-specific details of practical channel estimation schemes, in this correspondence we model the channel estimates as a result of linear filtering of received pilots. As a result, the channel estimates are also complex-Gaussian on a complex-Gaussian fading channel with Gaussian noise. In particular, due Let 0, 1(j) and 2(j) denote the correlation coefficients between the true and estimated channels on S ! D, S ! R j , and R j ! D links, respectively. For simplicity, we assume 0 , f 1 (j); 2 (j)g N j=1 to take real values. With this, we can express the r.vs g0, gj, and hj, conditioned on g 0 , g j , and h j , as [22] where Uj, j = 0; . . . ;N and Vj, j = 1; . . . ;N, are independent CGRVs with zero mean and unit variance. More importantly, U 0 is independent of g 0 , U j is independent of g j , and V j is independent of h j .
Using an approach similar to [23, Section II-A], (1)-(3) facilitate modeling additive channel estimation errors, pilot-symbol assisted channel estimation and fading decorrelation as a result of using outdated (stale) channel estimates in a unified manner by appropriately computing the correlation coefficients and the second moments of the channel estimates appearing in them. In what follows, we use the model in (1)- (3) to derive the receiver structures and evaluate the resulting performance with imperfect CSI.
Denote by X = 61 the modulation alphabet of source, the received signal at the destination during the first time-slot of DTP is Y0 = g0X E S;data + 0 (4) whereas at the jth relay it is Y j = g j X E S;data + j j = 1; . . . ;N
where j , j = 0; . . . ;N, is a zero-mean CGRV with E[j j j 2 ] = N 0 .
Let X j 2 f01;+1g denotes the demodulated symbol at the jth relay using Yj and the channel estimate gj. That is, X j = sign(RealfY j =g j g), where Realfxg is the real part of x and sign(x) = 1 for x 0 and is equal to 01 for x < 0. During the second time-slot of DTP, the received signal at the destination from the jth relay is Zj = hjXj E R;data (j) + Wj; j = 1; . . . ;N
where Wj is a zero-mean CGRV with E[jWjj 2 ] = N0.
III. RECEIVER STRUCTURES
In this section, we derive both optimum and suboptimum receiver structures at the destination based on the received signals in (4) and (6) and the channel estimates in (1) and (3). We write the LLR at the destination as in (7), shown at the bottom of the next page, where
(1 0 Pe;j)e LLR (h ) + Pe;j 1 0 P e;j + P e;j e LLR (h ) (8) and LLRj(hj ) = log Prob(Z j jX j = +1; h j ) Prob(ZjjXj = 01;hj) :
In (7), P e;j is the average BER at R j which is derived as [24] Pe;j = 1 0 1 (j)
where R;data (j) = E S;data j =N 0 . Using the log-max approximation of (8), log(e a + e b ) max(a; b), a tight approximation to (7), leading to a suboptimal implementation, is
where
and T j = log 1 0 Pe;j Pe;j :
Implementation of (7) or (11) requires the knowledge of relay probability of error at the destination. In the absence of such knowledge, we also study the performance of the following mismatched receiver:
a special case of (11) with Tj = 1 in (12). Note that both (11) and (14) 
In a similar manner, using (6) and (3) while conditioning on Xj and h j , LLR j (h j ) simplifies to
Conditioned on g0 and X, it is straightforward to show that LLR0(g0) in (15) 
is the instantaneous received SNR on R j ! D link which is exponentially distributed with mean e;D (j) = E R;data (j)3j 2 2 (j)=(N0 + E R;data (j)3 j (1 0 2 2 (j))).
IV. PERFORMANCE ANALYSIS
Since the input constellation is symmetric, without loss of generality, we assume that X = +1 is the transmitted signal point. The probability of error for the approximate receiver is P e;app = Prob(LLR app < 0jX = +1) = 1 2j <fsg>0 ds s L LLR jX=+1 (s) (19) whereas for the mismatched receiver it is
In (19) and (20), L Z (s) = E[e 0sZ ] is the Laplace transform (LT) of the probability density function (pdf) of Z.
We recall from Section III that, conditioned on X, LLR 0 (g 0 ) and LLRj(hj), j = 1; . . . ; N , are independent r.vs appearing in the approximate receiver of (11), whereas LLR 0 (g 0 ) and LLR j (h j ), j = 1; . . . ; N , are independent r.vs appearing in the mismatched receiver of (14) . It then follows that (21) and
L LLR jX=+1 (s) (22) where, for brevity, in (21) and (22), we have suppressed the dependence of LLR0 on g0, and LLRj and LLRj on hj . Since LLR0(g0), conditioned on X and g 0 , is a RGRV with mean 4 e;D (0) and variance 
In ( 
In [24] , we show that (25) reduces to (26) as Tj ! 1. Upon substituting (23) and (25) in (21), and (23) and (26) in (22) 
From (24) and (27), we note that all the poles appearing in (29) and (30) are real. As a result, by invoking Cauchy's residue theorem [25] , (19) and (20) (39) and 1 in (37) is the indicator function that evaluates to 1 when is true and evaluates to 0 otherwise. The average BER of the mismatched receiver is obtained as a special case of the average BER of the approximate receiver in (34) by taking the limit as T1 ! 1.
We are also interested in the asymptotic behavior of (34) at high average SNRs on S ! D, S ! R 1 and R 1 ! D links.
To proceed forward, we introduce the positive scaling parameters D (0), D (1) and R (1) (1)). From (40), due to the presence of log 0, we conclude that full diversity of order 2 is not possible with coherent RR protocol. [3] In this section, we show that there is a close connection between the coherent RR system with imperfect CSI studied in this correspondence and the noncoherent DF receiver considered by Chen and Laneman in [3] . With MMSE channel estimation at the relay nodes, the correlation coefficient between the true and the estimated channel at the jth relay is given by [23, Section V] 1(j) = R;pilot (j)=(1 + R;pilot (j)) where R;pilot (j) = E S;pilot j =N0 is the average received pilot SNR.
V. CONNECTIONS WITH NONCOHERENT DF RECEIVER IN
The effective SNR at the jth relay is then 
which is the average BER with binary orthogonal modulation and noncoherent detection [26] .
Next, with MMSE channel estimation on S ! D and R j ! D links, we have 0 = S;pilot (0)=(1 + S;pilot (0)) and 2 (j) = R;pilot (j)=(1 + R;pilot (j)), where S;pilot (0) = E S;pilot 0 =N 0 and R;pilot (j) = E R;pilot (j)3 j =N 0 . Using these with E R;pilot (j) = E R;data (j) = ER;T (j)=2 and E S;pilot = E S;data = ES;T =2, the 
respectively. In (43) and (44), D;T (0) = ES;T 0=N0 and D;T (j) = E R;T (j)3 j =N 0 . It is interesting to know that the LLR pdfs in (43) and (44) are identical to the pdfs of the noncoherent detector output test statistics 0 and 1, respectively, derived in [3] .
Finally, upon using P e;1 = 1=(2 + R;T (1)), T 1 = log(1 + R;T (1)), 0 = 1= D;T (0), 0 = 1 + 1= D;T (0), 1 = 1= D;T (1), and 1 = 1 + 1= D;T (1) in (34), the resulting expression coincides with the average BER of binary orthogonal signaling with noncoherent DF relaying in [3, (14) and (15)]. With N relays, [3] shows that the diversity order is lower and upper bounded by (N + 2)=2 and (N +3)=2, respectively, for an odd value of N whereas it is (N +2)=2 for an even value of N . Since our coherent RR system with imperfect CSI is different from the noncoherent DF in [3] only in terms of the average effective SNRs, and as far as the diversity order analysis is considered the average effective SNRs in both the systems differ only up to multiplicative constants, it follows immediately that the diversity order of coherent RR system with imperfect CSI is identical to that of [3] .
VI. RESULTS AND DISCUSSION
In this section, we present some numerical and simulation results on the performance of regenerative relays with imperfect channel knowledge. For simplicity, we restrict our results to the case of a single relay node. Fig. 1(a) and 1(b) shows the average BER performances at the destination as a function of the total average SNR on the S ! D link, D;T (0). In Fig. 1(a) , we set R;T (1) = 10 dB whereas it is set to 80 dB (i.e., almost error-free S ! R links) in Fig. 1(b) . In both Fig. 1(a) and 1(b), we set D;T (1) = D;T (0). The average BER of coherent RR system with perfect channel knowledge is compared against the performance of a noncoherent RR system with no channel knowledge. In Fig. 1(a) and 1(b) , the exact performance curves are obtained by Monte-Carlo simulation of the receiver in (7) (by simulating 40 million bits per SNR point), whereas the approximate and mismatched receiver performances are obtained via the analytical results derived in Section IV. From the excellent match between the simulated exact performance and analytical approximate performance in Fig. 1(a) and 1(b) , we conclude that there is almost no loss of performance incurred by the receiver in (11) . Fig. 1(a) and 1(b) also shows the impact of relay probability of error on the overall error performance of approximate and mismatched receivers. The positive impact of LLR clipping of approximate receiver is conspicuous in Fig. 1(a) , where, at R;T (1) = 10, the mismatched receiver suffers from severe error floor. On the other hand, as the average received SNR on S ! R link improves, there is less need to clip the LLRs from the relays, and the mismatched receiver yields performance close to the approximate receiver.
The average BER as a function of the normalized squared correla- The impact of mobility on the average BER is investigated in Fig. 3 . The source and the relay nodes are assumed to be stationary, the receivers are assumed to have perfect CSI, and Jakes correlation model [14] is employed to model the time variations on the S ! D and R ! D links. In Fig. 3 , we set R;T (0) = D;T (1) = 10 dB. The average BER is shown in Fig. 3 as a function of the destination speed, parameterized by the average received on S ! D link, D;T (0). From   Fig. 3 , we conclude that the degradation in average BER is more pronounced at higher values of the average received SNR on S ! D 
VII. CONCLUSION
In this correspondence, we studied the performance of coherent regenerative relaying on time-varying Rayleigh fading channels with imperfect CSI. Using a two-hop orthogonal multiple-access protocol with multiple relay nodes, we derived optimum and suboptimum receiver structures with binary modulation. For specific values of correlation coefficients between true and estimated channels, our receiver structures subsume coherent and noncoherent receivers studied in [1] - [3] , respectively. For an arbitrary number of relay nodes, employing Laplace transform techniques, we derived analytical expressions for the average BER at the destination. With one relay our closed-form expression for the average BER was shown to subsume the results in [3] , whereas with multiple relays the achievable diversity order was shown to be identical to that [3] .
